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We describe a totally enzymatic method for determination of serum triglycerides (friacylglycerols) specifically adaptable to the CentrifiChem system. The method involves lipolysis with lipase from Rhizopus arrhizus alone and quantitation of the resulting glycerol with glycerol dehydrogenase In a kinetic, fixed-time mode. Hydrolysis by the lipase is complete, for concentrations up to at least 5.0 g/liter, in 10 mmat room temperature. The unfavorable equilibrium for the oxidation of glycerol is overcome by increasing the pH and adding excess NAD+. Under these conditions the glycerol determination is linear to at least 4.0 g of glycerol per liter, as triglyceride. The test exhibits acceptable accuracy and precision, and results correlate well with those by an alternative totally enzymatic procedure. The present method is unaffected by phosphatase and a considerably simplified reagent is used.
Addftlonal Koyphrases Rhizopus arrhizus lipase #{149} glycerol dehydrogenase #{149} CenirifiChem analyzer
Totally enzymatic methods for determination of serum triglycerides (triacyiglycerols) have recently been described (1, 2) . These procedures share the common sequence of enzymatic hydrolysis of triglycerides followed by enzymatic determination of the resulting glycerol. Assay of glycerol may be performed using glycerol kinase (EC 2.7.1.30) (1, 2) or glycerol dehydrogenase (EC 1.1.1.6) (3, 4) , the former generating ADP, which is assayed with two additional enzymes, while the latter measures glycerol directly through the reduction of enzyme-linked NAD. Methods in which glycerol kinase is used for the determination of serum triglycerides have been adapted to centrifugal analyzers (5-7).
Hagen and Hagen's method for determination of glycerol with glycerol dehydrogenase is performed by allowing the reaction to go to completion in a so-called "end-point" test (3) . This method must involve a nonlinear standard curve to convert absorbance change into glycerol concentration, the nonlinearity probably resulting from the inhibition of glycerol dehydrogenase by the reaction products NADH and dihydroxyacetone (8) , as well as the unfavorable equilibrium for the conversion of glycerol to dihydroxyacetone at neutral pH In our efforts to assay glycerol with glycerol dehydrogenase we used a kinetic, fixed-time interval approach in which the initial velocity of the reduction of NAD and concomitant oxidation of glycerol are determined.
In so doing, we have developed a rapid method for determining glycerol and serum triglycerides, which takes advantage of the rapid mixing and data-gathering capacity of the CentrifiChem analyzer and uses a considerably simplified reagent.
Materials and Methods

Apparatus
All experiments were performed with a CentrifiChem Analyzer and Pipettor, unless indicated otherwise. The stock preparation of the hydrolysis reagent consisted of 21 500 U of lipase in 1.0 ml of tris(hydroxymethyl)aminomethane buffer (50 mmol/liter, pH 8.0).
Glycerol-determining reagent
(GDH/NAD): The reagent for measuring glycerol was prepared by mixing 7 U of glycerol dehydrogenase, 30 mg of NAD (neutralized with 1 mol/liter KOH), and 12 ml of potassium CAPS buffer (100 mmol/liter pH 10.5). This reagent must be used within 15 mm of preparation, because the reagent loses 10% of its activity in the next 5 mi, with enzyme inactivation accelerating thereafter. 
FIg.1.Effect of pH on theactivity ofglycerol dehydrogenase
The curve for pH 10 Glycerol standards were prepared from a stock solution containing 9.2 g of glycerol (J. T. Baker Chemical Co., Phillipsburg, N. J. 08865) diluted to 100 ml with NaC1 (9 g/liter). Aliquots were removed and diluted to 100 ml with the saline.
Methods
Into each sample cavity, including position zero, of the CentrifiChem transfer disk, is manually pipetted 20 il of hydrolysis reagent. With the CentrifiChem pipettor, 5 l of sample and 50 Ml of diluent (H20) are added to the sample well, 350 Mlof GDH/NAD reagent to the reagent cavity. Samples may include serum, glycerol standards, or saline (NaC1, 9 g/liter). Position zero in the transfer disk should contain saline to allow the automatic subtraction of any reagent absorbance. under conditions identical to those described for the assay, except that a Model 240 Recording Spectrophotometer (Gilford Instrument Labs., Oberlin, Ohio 44074) was used. Initial rates were measured as the slopes of the rate curves between 5 and 25 s after addition of the substrate.
Chymotrypsin was assayed with a Model 240 spectrophotometer by the method of Hummel (10) .
Results
Linearity.
Owing to the unfavorable equilibrium for the oxidation of glycerol to dihydroxyacetone at neutral pH (8) , it is necessary to allow the reaction to proceed at pH 10.5. Even at this pH, equilibrium limitations as well as product inhibition by NADH and dihydroxyacetone (8) persist, restricting the linear relationship between change in absorbance at 340 nm and glycerol concentration.
The increase in pH and addition of excess NAD+ produces an equilibrium that more favors the oxidation of glycerol. These modifications have enabled us to prepare a reagent that results in a firstorder relationship between activity and glycerol con- However, the range of substrate concentrations for which the pseudo-first-order relationship is valid depends upon the ratio of the Km to the initial substrate concentration.
Tiffany et al. (11) has shown that pseudo-first-order kinetics are valid in the substrate range from 0.01 to 0.1 of the Km, while Guilbault (12) has indicated the substrate can be as high as 0.2 Km and still comply with pseudo-first-order kinetics. In terms of final glycerol concentration in the assay mixture, the present test is linear to 5.9 X 10 mol/liter.
The Km, measured as described under
Methods, was found to be 1.0 X 10 mol/liter. Therefore, the initial reaction concentration of substrate to Km is within the range suitable for compliance with the pseudo-first-order approximation.
Influence of pH on glycerol oxidation.
The increase in the rate of glycerol oxidation by glycerol dehydrogenase as a function of pH is documented in Figure 1 . Increasing the pH not only increases the rate but also improves the linearity with respect to glycerol concentration. In this experiment we took care to ensure that the final potassium concentration and ionic strength were the same at each of the three pH values studied (13) .
Triglyceride hydrolysis.
Experiments summarized in Figure 2 indicate that with lipase from Rhizopus arrhizus, hydrolysis is complete to at least 5.0 g of triglycerides per liter. In the present test about 400 U of R. arrhizus lipase (4300 U/mg) were used to hydrolyze the triglycerides in a S-Ml serum sample in a final assay volume of 85 Mlin 10 mm at room temperature (23 #{176}C). No other additives were included in the lipase preparation. Triton X, sodium taurocholate, and CaCl2 were found to be inhibitory. R. arrhizus lipase when assayed with benzoyl-L-tyrosine ethyl ester as substrate contained no detectable chymotryptic activity.
Accuracy and precision.
Serum triglyceride values determined by the GDH/NAD method agreed well with those obtained by the glycerol kinase method (Figure 3 ). Serum triglycerides were determined by the glycerol kinase method, with the reagent supplied by Smith Kline Instruments (Sunnyvale, Calif. 94086) according to the instructions developed for that procedure adapted to the CentrifiChem system. As seen, there is a bias of about 120 mg/liter (12 mg/dl), with the GDH/NAD method giving higher results than the glycerol kinase method. The correlation coefficient is 0.98 and the slope of the regression line is 1.00. Dayto-day precision of the GDH/NAD test was determined by use of three pooled sera with triglyceride values of about 1300, 2500, and 3300 mg/liter. Withinrun precision was evaluated with the serum containing 3300 mg/liter. Results are summarized in Table 1 .
Analytical recovery of added glycerol.
To assess recovery of glycerol in serum, increasing amounts of glycerol were dissolved in sera, subjected to the hydrolysis step with lipase, and glycerol then measured with GDH/NAD.
When the value obtained for the serum in the absence of added glycerol was subtracted for the sera to which glycerol had been added, the curve obtained was superimposable on that determined for glycerol standards in the absence of added serum.
NAD+ and monovalent cation requirements.
Data presented in Figure 4 suggest that glycerol dehydrogenase activity increases in the presence of concentrations of NAD well above those used in the routine assay (9) . This was also found in a study (8) of the kinetics of glycerol dehydrogenase in which NAD was used in a concentration of 10 mmol/liter. The increase in rate with added NAD is probably the result of more nearly complete enzyme saturation, or the suppression of the reserve reaction.
Potassium and ammonium ions activate glycerol dehydrogenase; sodium ion inhibits it (13) . Incorporation of potassium into the potassium CAPS buffer and use of potassium hydroxide to neutralize the NAD, result in a potassium concentration in the assay mixture sufficient to fully activate glycerol dehydrogenase, but not enough to produce inhibition because of too-high an ionic strength (13) . We saw no significant effect of ammonium sulfate on glycerol dehydrogenase at pH 10.5, because at that pH most of the ammonium is probably present as ammonia. Sodium ions at a concentration of 67 mmol/liter inhibit glycerol dehydrogenase by 73% (13) and are therefore avoided in all assay constituents except to simulate serum (NaCl, 9 g/liter) when the glycerol standards are prepared.
Discussion
We began development of a triglyceride method with the aim of exploiting the specific advantages of analysis achieved with the CentrifiChem analyzer. The capacity to record the initial absorbance 3 s after mixing serum with reagent makes the instrument ideally suited for the measurement of rapid reactions and reactions that are linear for short intervals. The slight deviation from a perfectly linear relationship between glycerol concentration and enzyme activity is due to the unfavorable equilibrium for the oxidation of glycerol as well as the inhibition by the products, dihydroxyacetone and NADH (8) . However, owing to the rapid data-accu-
The GDH/NAD4 method has certain advantages over the glycerol kinase method when applied to the CentrifiChem system. The hydrolysis step can be completed in 10 mm at room temperature, thus eliminating a 37 #{176}C incubation period. In addition, only one manual pipetting is needed with the GDH/NAD method, and 2 mm is required to determine glycerol as compared to the 10 mm or more for the glycerol kinase reaction to go to completion [although Wentz et al. (7) have recently described a 130-s kinetic glycerol determination with use of glycerol kinase]. Our procedure does not involve any phosphorylated reagents or intermediates and is therefore free of phosphatase interferences and a serum blank need not be subtracted. Because the glycerol assay requires only a single enzyme, the reagent system is simplified. mulation capacity of the CentrifiChem analyzer; it is possible to obtain initial changes in absorbance that are first order with respect to glycerol concentration.
In the development of fully enzymatic triglyceride methods, mold lipases have been found suitable for lipid hydrolysis (1, 2) . Although at least two products are available containing lipases from the mold Rhizopus it has been found necessary to supplement these preparations with either an esterolytic or proteolytic activity to achieve complete hydrolysis. In contrast, our data demonstrate that approximately 400 U of R. arrhizus lipase will completely hydrolyze the triglycerides in a serum sample containing up to 5.0 g of triglycerides per liter within 10 mm at room temperature in the absence of chymotrypsin.
In choosing to use glycerol dehydrogenase to quantitate glycerol, it immediately became apparent that efforts should be made to optimize the oxidation of glycerol, i.e., drive the reaction in the desired direction. It was found that increasing pH favored the oxidation of glycerol in several buffers, including potassium carbonate bicarbonate, trimethylammonium hydrochloride, and potassium CAPS. Potassium CAPS was chosen because of its stability and because it provided the best linearity for enzyme activity as a function of glycerol concentration.
The present test is linear with respect to glycerol concentration to values that compare favorably with other totally enzymatic methods. The present method also correlates well with existing enzymatic methods for sera analyzed by both procedures. 
